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(g) Process for the synthesis of fuUerenes. 

@ A process is disclosed to synthesize ful- 
ierenes in a plasma reactor (10). It comprises 
introducing various amounts of caton halides 
as the piasma fomiing gas in a plasma torch 
(12) capable of producing a high enough tem- 
perature f\ame (22) to dssociate the carbon 
bearing molecules into carbon and halogen 
atoms, hence fbnning a carbon doud which 
condenses into a soot (18) containing fiil- 
terenes. Also hydrocartxjns and/or inert gases 
can be introduced in the torch (12) as the 
plasma forming gas and reacted with carbon 
halides or halogens injected therewith or di- 
rectly into the plasma flame (22) at the exit of 
the torch (20). The process can use a high 
enthalpy nontransferred d.c. plasma torch or an 
induction plasma torch as the plasma generat- 
ing device. Soot having 1 to 10% by weight of a 
Ctt fullerene or an admixture of C^q and C70 
fullerenes Is thereby produced. 
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BACKGROUND OF THE INVENTION 

1. Field of the Invention 

This invention provides a new process for the 5 
synthesis of fullerenes (a family of caiton molecules). 
More particularly, the invention provides a process 
whereby fullerenes are produced by dissociating a 
carbon halide or a hydrocarbon usiiq a plasma torch. 

10 

2. Brief Description of the Prior Art 

Until recently, only two forms of cart>on w^e 
known to exist graphite and diamond. In graphite the 
carbon atoms form sheets stacked on top of each is 
other while in diamond, each carbon atom is oovalent- 
ly bonded to four other cart)on atoms forming a giant 
network of small pyramids. 

Another form of carbon, the "fuileranes*', has 
lately been successfully synthesized and identified. 20 
Basically, fullerenes are hollow molecules made up of 
curled*up graphitic sheets. These cart)on molecules 
can contain anywhere from 32 to SSO cartxm atoms 
and are all believed to have the structure of geodesic 
domes. The name "fullerenes" was chosen in honour 25 
of Buckminster Fuller who developed the structure of 
the geodesic dome. The molecules are also called 
"buckminsterfullerBnes** or "buckyballs" for short The 
molecules containing 60 cart>on atoms (Cqo) are con- 
sidered to t)e the rTK>st Important due to their high sta- 30 
bHity. Molecules containing 70 carbon atoms (C70) are 
also highly stable. Hence, "^uckybalts" often refer to 
Ceo and/or C70. Molecules containing very large num- 
bers of carbon atoms are also called °hyperfuller- 
enes". 55 

In ig85, Robert F. Curl and Richard E. Smalley 
of Rice University working with Harold W. Kroto of the 
University of Sussex, found that a new form of car- 
bon, Ceo* c^^d be made by vaporizing graphite In hel- 
ium using a pulsed laser beam. The productton rate of 40 
fullerenes using this tschnk|ue is, however, extremely 
slow (few grams/day). 

In May 1990, five years later, Woifgang Kratsch- 
mer and Donald Huffman were the first to ot)8erve 
and posith/ely kJentify this molecule. At a conference 45 
in G^nr^any in early September of 1980, Kratschmer 
and Huffman announced that they had found a much 
simpler way to synthesize Ceo- They were able to 
make fullerenes by striking an arc between two 
graphite electrodes and collecting the soot formed 50 
from the vaporized cart>on. However, with a produc- 
tion rate of roughly 1 gram/hour, the aro vaporization 
of graphite Is also a very slow process. 

Several recent articles describe fullerenes and 
their uses and potential applications. For example, in ss 
the artide by Edward Edelson entitled "BUCKYBALL 
- The Magic Molecule", published in Popular Science, 
August 1991, a good review of the discovery, meth- 



ods of productk)n and uses of fullerenes or '*bucky- 
balls" is made. An artide by Robert R Curl and Ri- 
chard E. Smalley entitled Tullerenes" in Sdentific 
American for October 1991 discusses the difficulties 
encountered in produdng 'Visible amounts" of fuller- 
enes and describes the carbon arc method formaking 
the product in microscopic quantities. Another good 
description in particular of Ceo fullerenes is provided 
in Chemical Reviews 1991 of the American Chemical 
Society by Kroto et a!., pp 1213-1235, which, among 
other things describes the isolatbn, separation and 
structure characterization of the most useful fuller- 
enes - Ceo ^d C70. 

Currently the most interesting uses of bulk C^ 
and Cro full^enes are in electronics, where in various 
compound forms they can act as an insulator, a bat- 
tery, a conductor, a semiconductor or a superconduc- 
tor. Also fullerenes offer interesting opportunities in 
the plastic and pharmaceutical Industiries, although 
their use has been rat her restricted until now because 
of the difficulty to produce them In stiff identiy large 
quantities and at a reasonable price. 

BRIEF SUMMARY OF THE INVENTION 

It was an object of the present inventors to obvi- 
ate t he difficulties of known processes for the produc- 
tion of fullerenes and to provide a novel process ca- 
pable of making this product at a much faster rate 
than was possible hitherto. 

The inventton also makes it possible to safely util- 
ize environmentally objectionable substances, i.e. t he 
CFCs or carbon halides and to transform them into a 
highly desirable product, namdy fullerenes. In this re- 
gard, one shouki roalize that in North America alone 
there are presently more than a millbn tons of CFCs 
In refrigerators, cars, etc. They nmjst be coilectad and 
destroyed without releasing them into the atmos- 
phere, to avoid depletion of the ozone layer. The proo* 
ess of this inventton provides an opportunity for so 
doing in a safe, efficient and useful manner. 

The novel process in accordance with the pres- 
ent invention comprises introducing a cart>on and ha- 
logen bearing gas or gases, such as carbon halides 
(compounds of carbon and chlorine, fluorine, bromine 
and/OT todlne), which are also popularly called CFCs, 
directly into a plasma reactor as the plasma forming 
gas or Injecting such carbon halkles or halogens at 
the exit of the plasma torch in the plasma flame and 
reacting them with hydrocarbons and/or inert gases 
used as the plasma forming gas. Obviously mixtures 
of cartx)n halides or halogens with hydrocarbons 
and/or inert gases can also be used. When a. carbon 
halide is used as the plasma forming gas, the energy 
of the plasma flame dissociates the carbon bearing, 
nrKsSecules into carbon and halogen atoms. The car- 
bon-carbon bonds are much more stat>te than the car- 
bon-halogen bonds at high temperature. Conse- 
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quently, a carbon doud is formed in which carbon 
atoms recombine to form fullerenes and other carbon 
molecules, while the halogens leave the reactor in t he 
off-gas. If a hydrocarbon Is used as the plasma fornv 5 
ing gas. the halogen atoms will act as "H getter* and 
ensure that few C-H bonds are formed upon cooling. 
The carbon atoms which condense, form soot con- 
taining a significant amount of fullerenes. which is 
normally higher than 1% by weight and is usually in io 
the range of 2 to 10% by weight, depending on the op- 
erating conditions. Extraction of the fullerenes from 
the soot can be done in the known manner, for exanr>- 
pie as described in the article by Deborah Holmes 
Parker et al. entitled "High-Yield Synthesis. Separa- is 
tion. and i\/iass-Speclrometric Characterization of 
Fullerenes Ceo to published in the J. Am, Chem. 
SOC. 1991. 113, 7499-7503. 

The efficiency, in terms of tullerenes content in 
soot, was observed to be higher when the carbon ha- 20 
lide was used as the plasma forming gas as com- 
pared to introducfrig the halogen In the taO flame of a 
hydrocarbon plasma 

One of the main novel aspects of the present in- 
vention lies In the formation of a carbon doud when 25 
the plasma flame dissociates the molecules of the 
gases employed in the process, generally at temper- 
atures between about 5000^'C and 20,000^C. into car- 
bon and halogen atoms. By controlling the chemistry 
and plasma torch conditions, such as power and vol- 30 
tage, the process is made to enhance the formation 
of only C-C bonds. Once the carbon doud is formed, 
the annealing of fullerenes takes place in a generally 
known manner at a temperature between al>out 
1 000*C and about 1 500^C as disdosed. for example, 35 
by R.E. Smalley in the article entitled "Self-Assembly 
of the Fullerenes** published in Acc. Chem. Res.. 
1992. 25, 98-105. p. 103. This temperature range is 
not strictly limitative since it may vary depending on 
the type or combination of fullerenes desired and the 40 
operating pressure of the reactor, normally it will be 
between 700*»C and 1600**C. The requffed tempera- 
ture for producing the fullerenes can thus be readily 
determined and used by a person skilled in the art. 

The main advantage of this new process is that 45 
It can produce fullerenes at a much faster rate (by sev- 
eral orders of magnitude faster) and much more eco- 
nomically than anything presently known. 

The intense heat generated by the plasma has 
been used commercially for many years to partly dis- so 
sociate methane and produce acetylene. In the com- 
merdal productton of acetylene, a low enthalpy plas- 
ma torch is used. However, when a high enthalpy 
plasma torch is employed, the carbon halides or hy- 
drt>cartx)ns break down completely to form carbon 55 
atoms which condense and form soot on both a hot 
substrate and on a odd surface such as a water 
cooled, wall. The soot contains s^nif icant amounts of 
fullerenes. 



In essence, therefore, the process of the present 
invention for the synthesis of fullerenes comprises: 

(a) feeding a plasma forming gas into a reactor and 
generating a plasma within said reactor in the form of 
a plasma flame, said plasma forming gas being se- 
lected from a carbon halide gas, combinations of a ha- 
logen containing gas and a hydrocarbon gas, and 
combinattons of an inert gas with a carbon halide gas 
or a halogen containing gas and a hydrocart)on gas; 

(b) dissodating said plasma forming gas in said plas- 
ma flame into carbon and halogen atoms produced in 
the form of a doud; and (c) allowing the carbon atoms 
in said doud to recombine and condense as soot on 
a surface outside of said plasma flame, sakJ soot con- 
taining the fullerenes. The plasnrw flame nray be gen- 
erated using a hydrocarbon gas or an inert gas, such 
as helium or argon, and the halogen containing gas 
may be selected from a halogen gas and a carbon ha- 
lide gas and may be infroduced into the reactor in ad- 
mixture with the hydrocarbon gas and/or the inert gas 
or Injected directly into the plasnrw flame. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Preferred embodiments of the invention will now 
be described with reference to the drawings in whlch:- 
Fig. 1 illustrates a diagram of a plasma torch re- 
actor used to carry out the process of the present 
invention; 

Fig. 2 represents mass spectrometry results 
when a carbon halide gas is used as the plasma 
forming gas; 

Fig. 3 represents mass spectrometry results 
when a hydrocarbon is used as the plasma fornrv 
ing gas and a halogen is introduced into the tail 
flame; 

Fig. 4 represents mass spectrometry results 

when another carbon halkJe gas Is used as the 

plasma forming gas; and 

Fig. 5 represents trxass spectrometry results 

when an inert gas is used as the plasma forming 

gas. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Referring to the drawings, in Figure 1 there is 
shown a reactor 10 in which there is mounted a high 
enthalpy plasma torch 12 which may be of the type 
disdosed in U.S. Patent No. 5.147,998 issued Sep- 
tember 15, 1992, consisting of two coaxial tubular 
electrodes mounted within a housing with a gap be- 
tween the two electrodes. Other plasma generating 
devices can also be used, induding d.c. plasma guns 
and Induction plasma torches and they are also sche- 
matically illustrated by torch 12. The plasma forming 
gas 24 can contain various predetermined amounts of 
carbon halides (e.g. CCI4, CF4. CBrF,, CI4. CazFz...) 
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which are normally used In combination with inert gas 
such as helium. Alternatwely the plasma forming gas 
24 can contain various predetermined amounts of hy- 
dfocart>ons (CH4. C2H2....) and the carbon halides 
can be introduced either in admixture therewith or at 
the exit of the plasma torch into the tail flame through 
opening 20. Halogens may also be introduced in ad- 
mixture with the plasna forming gas 24 or through 
this opening 20 in lieu of or in addition to carbon ha- 
lides. In this case the plasma forming gas may again 
be combined with an inert gas such as helium. The 
halogen containing gas introduced through opening 
20 may also ba combined with an inert gas such as 
argon. These combinations of reactive gases with in- 
ert gases are generally known in the art of plasma 
technology. The energy of the plaana flame 22 dis- 
sedates the carbon bearing molecules into C and F. 
CI, Br, H or I atoms producing a doud. The carbon 
atoms then condense on a cdlecling device 14 or the 
reactor wall 1 6 to form a soot 1 8 which contains a slg- 
nif leant amount of fullerenes. 

The Invention will further be described by refer- 
ence to the following non-lmnltative examples: 

EXAMPLE 1 

The following conditions were used in an experi- 
ment where a carbon halide was employed as the 
plasma forming gas; 

Plasma Torch: Non-transferred D.C. Torch 

Plasma Gas: « 10-20 v<^.% CBrFa (Freon 13B1) + 

Helium (bat.) 

Injection of gas at exit of the torch: None 
Operating Pressure: Atmospheric (101.3 kPa) 
Plasma Gas Row Rate: 50-70 Umin- 
Operating Voltage: 200-300 V 
Power 50-70 kW 

Under the above condftions 6.2 gran« of soot were 
produced in approximately 1 minute. Mass spectro- 
metry analysis performed on the soot revealed that 
it contained significant anK)unts of Ceo and C70. The 
massspecbtsmetry results fbrthis Example 1 are pre- 
sented in Figure 2 and show peaks for Cqq and C70 at 
721.1 and 840.1 respectively. 

EXAMPLE 2 

The following condittons wero used in an experi- 
ment where a hydrocarbon was employed as the plas- 
ma forming gas and a halogen was injected at the exit 
ofthe plasma torch: 

Plasma Torch: Non-transferred D.C. Torch 

Plasma Gas: = 5-10 vol.% C2H2 (acetylene) + Helium 

(bal.) 

Injection of gas at torch exit Chlorine (1 0 Umin) + Ar- 
gon 

Operating Pressure: Atmospheric (101.3 kPa) 
Plasma Gas Row Rate: 180-200 L/min. 



Operating Voltage: 250-300 V 
Power 40-60 kW 

Under the above conditions 60.8 grams of soot were 
5 produced in approximately 4 minutes. Mass spectro- 
metry analysis on the soot revealed that it contained 
about half as mudi of C«) as Example 1 and no C70. 
The mass spectrometry results for this Example 2 are 
presented in Figure 3 where the peak at 721 confirms 
10 the presence of Ceo- 

EXAMPLE3 

The following conditions were used In an expert- 
15 ment where a carbon halide was again used as the 
plasma forming gas: 

Plasma Torch: Non-transferred D.C. Torch 
Plasma Gas: 8-10 Vd.% CtO^ in helium (bal.) 
Injection of gas at exit of the torch: None 
20 Operating Pressure: Atmospheric 

Plasma Gas Flow Rate: 120-135 L/min. 
Operating Voltage: 135-190 V 
Power. 25-40 kW 

Under the above conditions 8 grams of soot wore col- 
25 looted in 3 minutes. Achromalographic extraction was 
performed on the soot and revealed that the fuller- 
enes content therein was about 5% by weight Amass 
spectroscopy scan on the soot is presented in Fig. 4. 
The peaks for Ceo and C70 are shown at 720 and 840. 
30 Higher fullerenes are also present in the soot, as can 
be seen from other peaks in the figure. 

EXAMPLE 4 

35 The following conditions were used in an experi- 
ment where an inert gas, namely helkim, was used as 
the plasma forming gas: 
Plasma Torch: Non-transferred D.C. Torch 
Plasma Gas: Helium 
40 Injection of gas at exit of torch: 8 L/min C2CI4 
Operating pressure: atmospheric 
Plasma gas flow rate: 180-200 L/min 
Operating Voltage: 170-200 V 
Power 35-40 kW. 
45 Under the above condittons 16.3 grams of soot were 
collected In 6 minutes. A mass spectrometry scan on 
the soot is presented in Fig. 5. The peaks for Cw and 
C70 are shown at 720 and 841 respectively. 

The above description and the given examples 
so represent preferred embodiments which are by no 
means limitative. Various modifications that wouW be 
obvious to those skflled in the art can be made with- 
out departing from the present invention. 



Claims 

1. A process for the synthesis of fullerenes, which 
comprises: 
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a) feeding a plasma forming gas into a reactor 
(10) and generating a plasma within said re- 
actor in the form of a plasma flame (22), said 
plasma forming gas bemg selected from a car- 
t>on haltde gas* combinations of a halogen 
containing gas and a hydrocarbon gas, and 
combinations of an inert gas with a carbon ha- 
llde gas or with a halogen containing gas and 
a hydrocarbon gas; 

b) dissociating said plasma forming gas in 
said plasma flame (22) into carbon and halo- 
gen atoms produced in the form of a doud; 
and 

c) allowing the carbon atoms in said cloud to 
recombine and condense as soot (18) on a 
surface (14, 1 6) outside of said plasma flame, 
said soot containing the fullerenes. 

2. A process as defined in claim 1 , wherein the inert 
gas is selected from helium and argon. 

3. A process as defined In claim 1 or 2. wherein the 
halogen containing gas is selected from a halo- 
gen gas and a carbon halide gas. 

4. A process as defined in dalm 3, wherein the ha- 
logen gas is chlorine. 

5. A process as defined In daims 1 or 3, wherein the 
carbon halide gas is a CFC. 

6. A process as defined in dalm 1 or 3 wherein the 
carbon halide gas is CBrFs or 62014. 

7. A process as defined in any one of claims 1 to 6, 
wherein the halogen containing gas is injected di- 
rectly into the plasma flame. 



12. A process as defined in any one of daims 1 to 11 , 
wherein a Ceo lullerene or a mixture of Ceo and C70 
fullerenes is thereby produced. 
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8. A process as defined in any one of claims 1 to 6. 40 
wherein the inert gas Is used to generate the 
piasnna flame and the carbon halide gas is inject- 
ed directly into said plasma flame. 



9. A process as defined in any one of claims 1 to 6, 45 
wherein the inert gas is used to generate the 
plasma flame and the halogen containing gas 
with the hydrocarbon gas are injected directly 
into said plasma flame. 

50 

10. A process as defined in daim 7, 8 or 9, wfierein 
the gases injected into the plasma flame are in- 
jected in combination with an inert gas, such as 
argon or helium. 

55 

11. A process as defined in any one of daims 1 to 10, 
wherein the reactor uses a non transferred d.c. 
plasma torch or an induction plasma torch to form 
the plasma flame. 
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